Introduction
In the late 1980s, chemists started to be more aware of the environmental problems caused by an excessive production of toxic wastes. The formalization of the principles of green chemistry [1] and green engineering [2] , pioneered by Anastas and co-workers, are conceptual milestones to the sustainability awareness
Drug and active delivery vehicles
When developing a drug formulation, many parameters must be optimized to enhance the drug performance. The drug vehicle design must be ideally adjusted considering solubility, degradation and renal clearance issues, but very often it is also intended to confer targeting or imaging abilities. For example, the vehicle might act not only as a therapeutic reservoir enhancing the drug solubility but also be able to guide and control the specific time-release of the drug, directly influencing its biodistribution and pharmacokinetics. In the case of a biologic DDS, specific features arise as the active macromolecule might lose its activity in consequence of environmental conditions during processing, storage or in the body. The targeted delivery of drugs to specific sites of action is being performed through two principal release mechanisms: polymer drug conjugates and nano-enabled delivery systems, or even combination of both approaches. Poly(ethylene glycol) (PEG) is still the standard polymer either for drug conjugation or for masking nanoparticles from clearance by kidney filtration [48] . Undergoing investigation on DDSs is focused on micelles, gold nanoparticles, magnetic nanoparticles, dendrimers, liposomes and the combined systems include polymer-coated nanoparticles. To date, only conventional methods have been used to prepare the drug products comprising liposome or polymer-drug-conjugated delivery systems already available on the market or under clinical trials. However, the conventional processes yield final products that might be contaminated to some extent with residual organic solvent and are also difficult to maintain scaled-up production. The polymer-based DDSs that have been brought to the market up to now contain PEGylated drugs (PEG-functionalized products). The increasing use of PEGylated products has brought to the scene some unfavourable effects: (i) non-specific interactions with blood can cause hypersensitivity reactions [49, 50] , (ii) accelerated blood clearance phenomena leading to changes in the pharmacokinetic behaviour of the drug; (iii) non-biodegradability; and Table 1 . PEG alternatives synthesized in scCO 2 . PABA, poly(acryloyl-β-alanine); PMBA, poly(methacryloyl-β-alanine); DP, dispersion polymerisation; CROP, cationic ring-opening polymerization; P(MAA), polymethacrylic acid; PGDMA, poly(1,3-glycerol dimethacrylate); PNIPAAm, poly (N-isopropylacrylamide); PVP, poly(vinyl pyrrolidone); PURE, polyurea G4 dendrimer; siRNA, small interfering RNA.
alternative system formulation mediated method in scCO 2 reference poly(amino acid)s (PABA, PMBA) n.a. solid-state polymerization [53] . (iv) toxicity of side products formed during PEG synthesis. These PEG drawbacks intensified the search for PEG alternatives. A variety of natural and synthetic polymers have been investigated but only the synthetic polymers which were produced in scCO 2 will be considered here. Polymers synthesized in scCO 2 present many advantages for biomedical applications over conventional processes due to the easy elimination of trace contaminants rendering highly pure materials. Oxazoline-based polymers (POxs) are the most likely substitutes to PEG [51] and have already been successfully synthesized in scCO 2 by cationic ring-opening polymerization (CROP) [52] . Table 1 compiles promising alternatives to PEG that have been proposed but limited to polymeric systems synthesized in scCO 2 .
(a) Oxazoline-based polymers
Among the alternative polymers for drug conjugation, oxazoline-based polymers are recognized as the most promising PEG substitutes, in particular, poly(2-methyl-2-oxazoline) (PMeOx) and poly(2-ethyl-2-oxazoline) (PEtOx) because of their demonstrated low toxicity and immunogenicity [58] . POxs are obtained through a CROP. A challenging but also versatile type of polymerization which allows the tuning of final polymer properties (such as hydrophilic, hydrophobic, fluorophilic) as it enables copolymerization with a variety of monomers and polymer chain end-capping. When the reaction is performed in scCO 2 , oligo-oxazolines (OOxs) are obtained [52] . The schematic synthesis of OOxs and their structure are shown in figure 1a . The structure of PEG is also shown for comparison (figure 1b). The synthesis of these polymers using conventional solvents [59] , microwave-assisted [60, 61] or green scCO 2 -assisted methodologies [52] has been previously described. Table 2 displays the advantages and disadvantages of scCO 2 polymerization in comparison to the other methods.
From table 2, we can easily conclude that the supercritical CO 2 route is not only a viable alternative, but brings also additional advantages to the polymerization process. A particular feature observed for OOxs synthesized in scCO 2 is their intrinsic blue fluorescence, which is achieved by a carbamic acid insertion at the oligomer starting end during polymerization (figure 2). This is contrary to the common assumption that CO 2 was inert in this type of polymerization [5] .
No matter which route is followed, reported results demonstrate that OOxs and POxs can be prepared with different architectures and end-capped with selected functional groups for adequate conjugation [62] . 
(b) Polyurea dendrimers
Dendrimers have been actively studied as carriers for targeted delivery of small-molecule drugs but their translation into clinics is very limited [65] . Only two examples are under clinical evaluation: OcuSeals (Beaver-Visitec International) for ocular administration, which is a hydrogel-dendrimer liquid ocular bandage [66] and VivaGel (Starpharma Holdings Ltd), a topic gel for vaginal application composed of a poly(lysine) dendrimer decorated on surface with 32 naphthalene disulfonate units (http://www.starpharma.com/vivagel/vivagel_clinical_trials, accessed on 23 May 2015). The first synthesis of dendrimer polymers in scCO 2 was recently reported by Restani et al. [67] . Taking advantage of using carbon dioxide as a solvent and as a reagent (C1 feedstock), polyurea (PURE-type) dendrimers were synthesized by reacting tris(2-aminoethyl)amine with carbon dioxide (figure 3a). Importantly, the incorporation of CO 2 in the dendrimer backbone produced a blue fluorescent polymer, which intensity was found to be pH dependent. Moreover, PURE-type dendrimers were found to be water soluble and biocompatible, showing no cytotoxicity even at high concentrations, the major drawback of reported dendrimers (e.g. PAMAM-type). Moreover, PURE dendrimers were found to form dendriplexes with siRNA (PURE G4 -siRNA), be able to perform its deliver to cells with high transfection efficacy and efficiently shutdown the expression of a specific gene [56] . Also, the PURE G4 -siRNA dendriplex dramatically decline cell oxidative stress and cytotoxicity of the carrier system even at high concentrations when compared with PURE G4 .
(c) POxylated drug delivery systems
Considering the high potential of poly(2-oxazolines) (POx) as PEG alternatives, several studies were reported in the literature bearing in mind drug carrier applications [48] . Micelles of PLAPEtOx-PLA (PLA: poly(lactic acid)) were prepared for doxorubicin delivery and paclitaxel loaded micelles of PEtOx-poly(ε-caprolactone) were shown to possess high efficiency as a paclitaxel release system. Apart from water-soluble and biocompatible, copolymers of 2-oxazolines were shown to possess several important properties required for drug conjugation and also for in vivo gene delivery including (i) easy conjugation to proteins [68] , (ii) the ability to stabilize particles against salt-induced aggregation, (iii) the ability to resist extracellular polyplex unpackaging, (iv) the potential to be degraded into non-toxic components after cellular uptake, and (v) efficient delivery of plasmid to cultured cells [69] . The reported studies encompassed 2-oxazoline-based materials synthesized using conventional methods. Recently, Restani et al. [57] demonstrated for the first time that oligo-oxazolines synthesized in scCO 2 could be conjugated to improve the performance of drug nanocarriers. Following a POxylation approach, polyurea dendrimers were complexed with living oligo-oxazolines synthesized in scCO 2 (figure 3b). The synthesized PURE G4 -OOxs dendrimers are water soluble, pH-responsive and present intrinsic fluorescence. These water-soluble core-shell nanocarriers were found to be less toxic than pristine PURE G4 dendrimer in terms of cell viability and absence of glutathione depletion, two of the major side effect limitations of current therapeutic polymers. Using scCO 2 technology, the authors were able to load the nanocarriers with paclitaxel. Remarkably, the authors found a 100-fold reduction of paclitaxel IC 50 , relatively to the free drug, in the tested formulations. PURE G4 -OOxs were also found to act as good transfection agents, through a mechanism involving an endosomal pathway. These results show that supercritical-assisted polymerization is a powerful tool to prepare efficient DDSs opening new trends to low-cost and highly efficient chemotherapeutics. have been considered a new class of disinfectants, which have been recognized even as alternative antibiotics. The first polymer disinfectant that became commercially available was poly(hexamethylene biguanidinium hydrochloride), thoroughly investigated by Ikeda et al. [71] . Antimicrobial polymers widen up a whole new range of therapeutic solutions enabling the tuning of different properties by combining different polymer backbones and functionalities [72] . Interestingly, antimicrobial polymers can be used to modify surfaces, without losing their biological activity, which enables the design of surfaces that kill microbes without releasing biocides, solving numerous contaminations mainly in healthcare facilities [73] . In 1965, Cornell & Dunraruma reported, for the first time, antimicrobial polymers and copolymers based on 2-methacryloxytroponones [74] . Since then, different polymeric structures with antimicrobial properties have been reported in literature and the number of publications in this topic per year is growing fast. Just in the last decade, according to Web of Science, the number of publications has tripled. Several studies have been reported towards the development of an ideal antimicrobial polymer. For that, some basic requirements should be taken in consideration: (i) easy and inexpensive synthesis; (ii) stability during usage and storage at the conditions of its intended application, do not lead to emission or generation of toxic products; (iii) biocompatibility; (iv) easy recovery of activity, if lost; and (v) active against a broad spectrum of pathogenic microorganisms in brief times of killing.
Known antimicrobial polymers are commonly classified in three distinct groups depending on the mechanism of action of each one [70] (figure 4).
Polymeric biocides are expected to be less active than their corresponding analogues to steric hindrance, while biocide-releasing polymers could trigger the development of bacterial resistance and/or contamination of the surroundings. By contrast, biocidal polymers represent a good solution for the achievement of the basic requirements for an ideal antimicrobial polymer [75] . Interestingly, as bacterial cells carry a negative surface charge (due to the presence of membrane proteins, teichoic acids in Gram-positive bacteria and negatively charged phospholipids at the outer membrane in Gram-negative bacteria), positively charged polymers can be attracted to bacterial cell membrane and take their action [76] . For this reason, in the last decades, many efforts on the development of biocidal polymers relied on the use of antimicrobial polycations with quaternary ammonium and phosphonium [77] . Table 3 highlights the common scCO 2 -assisted methods used to synthesize antimicrobial agents and to confer antimicrobial properties to different materials. In the subsequent sub-chapters, we will focus in the sustainable synthesis of biocidal polymers in scCO 2 and its importance in the development of antimicrobial POxylated surfaces.
(a) Biocidal oxazoline-based polymers
Polymeric quaternary ammonium salts can be prepared using different approaches that will result in distinct polymeric architectures, exhibiting diverse antimicrobial activities and potential applications [77] . Interestingly, polymers bearing ammonium salts are cationic and their mechanism of action is believed to depend on the fundamental characteristic of negatively charged microbial cell membrane. This aspect suggests that the development of strains resistant to this class of compounds is impaired, as it would require bacteria to change membrane structure [77] . Oxazoline-based polymers (POXs) are an attractive class of compounds due to their biocompatibility and synthetic versatility [65] and represent a unique approach to the development of new antibiotics. Recently, they have been explored as strong candidates for the development of new polymer therapeutics [91] [92] [93] [94] . Waschinski et al. reported the synthesis of a series of oxazoline-based polymers, terminated with quaternary ammonium groups, prepared via standard CROP. The antimicrobial polymers activity was evaluated by determining the minimal inhibitory concentration against Staphylococcus aureus. Only poly(2-oxazoline)-based polymers containing alkyl ammonium functions with alkyl chains of 12 carbon atoms or longer were found to be active [93] . Correia et al. demonstrated that the synthesis of antimicrobial 2-substituted-2-oxazolines polymers can be successfully performed in scCO 2 more sustainable way. Several OOxs were synthesized by living CROP and later end-capped with a tertiary amine to produce quaternary-ammonium-terminated materials (OOXs-DDA).
The synthesis and quaternization of branched oligo(2-bisoxazoline) was reported for the first time as well as its antimicrobial activity and cytotoxic effect, together with oligo(hydrochloridequaternized ethylenimine), a polymer biocide, which was also synthesized by hydrolysis of a oligo(2-oxazoline) [90] . Table 4 summarizes the reaction conditions used for the synthesis of POxs-DDA using either the conventional or the scCO 2 -assisted methods. Comparing the syntheses (conventional versus scCO 2 ), it can be concluded that, following the supercritical route, a more sustainable protocol was achieved with a clear reduction of purification steps, solvents and time ( The biopassive surface does not interact and kill bacteria but reduces the adsorption of proteins and, consequently, the adhesion of bacteria. This approach is mainly reported in the literature through the incorporation of hydrophilic polymers into surfaces, e.g. hydrogel coatings (mostly based on PEG) [95] . By contrast, bioactive surface coatings can kill bacteria on contact, either after the release of the biocide from the surface to the surroundings or after mere contact with the surface [96] . Non-fouling PMeOx-based coatings have emerged as a promising alternative for the replacement of PEGs by more biocompatible analogues [97] . Essentially, PMeOx-modified substrate is a biopassive approach to reduce biofouling and improve the ability to resist protein and bacterial adhesion (without killing) by enhancing materials hydrophilicity.
Importantly, bioactive materials that prevent biofouling should contain antimicrobial moieties attached onto polymeric backbones by covalent interactions to boost stability. Previous studies report the use of antimicrobial groups usually grafted to the polymer backbone or inserted in the main chain of polymers during synthesis by using monomers bearing antimicrobial moieties. Many studies also show that biocidal end-capping is an effective strategy [98] . However, the number of chemical steps and the use of organic solvents are not attractive from a sustainable point of view.
Recently, our group reported a green methodology to produce highly biocidal and biocompatible materials comprising antimicrobial oligomers in a chitosan (CHT) blend. The CHT biopolymer was chosen since it is a suitable three-dimensional support for application in tissue engineering [99] and controlled drug delivery [100] , showing biocompatibility and biodegradability properties. CHT-based three-dimensional structures might represent an efficient alternative to conventional strategies to prevent protein adsorption and subsequent bioadhesion. For this work, cationic antimicrobial oligomers (oligo(2-methyl-2-oxazoline) quaternized with N,N-dimethyldodecylamine, oligo(2-bisoxazoline) quaternized with N,Ndimethyldodecylamine and linear oligoethylenimine hydrochloride), were incorporated into three-dimensional structures. By varying the antimicrobial polymer concentration in the casting solution, the hydrophilicity, permeability, BSA adhesion profiles and bacterial killing activity of CHT-based scaffolds could be tuned. Scaffold containing 20% (w/w) of oligo(2-bisoxazoline) quaternized with N,N-dimethyldodecylamine in its composition was the three-dimensional structure with best performance in repelling protein and killing Escherichia coli upon contact (1 mg of scaffold killed 99.9% of an initial E. coli inoculum of 5 × 10 5 CFU ml −1 ) [101] . Regrettably, the physical immobilization of OOxs-DDA in the blend impaired their activity against S. aureus cells as the antimicrobial oligomer cannot diffuse through the thicker peptidoglycan layer to be effective in the inner membrane. To surpass this limitation, attempts to immobilize OOxs-DDA at the surface scaffolds are currently under study.
Conclusion and future prospects
The studies reported show that polymers synthesized in scCO 2 namely OOxs, PURE-type dendrimers and their combined structures are powerful systems for applications in drug and gene delivery. The supercritical synthetic route for oxazoline-based polymers enables the production of intrinsically fluorescent polymers, the easy control of molecular weight, the end-cap of living polymers with different functional groups or their grafting to other materials.
Rapid advances in scCO 2 -assisted methods have shown that viable alternatives to conventional approaches are affordable not only for polymer synthesis but also for functionalization and assembling of nano-DDS, rendering pharmaceutical grade products.
